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What produces emotions? Why do we have emotions? How do we have emotions? Why do emotional states feel like something? How do we take decisions? This book seeks explanations of emotion and decision-making by considering these questions.
One of the distinctive properties of this book is that it develops a conceptual and evolutionary approach to emotion (see for example Chapters 2 and 3). This approach shows how cognitive states can produce and modulate emotion, and in turn how emotional states can influence cognition. Another distinctive property is that this book links these approaches to studies on the brain, at the level of neuronal neurophysiology, which provides much of the primary data about how the brain operates; but also to neuropsychological studies of patients with brain damage; to functional magnetic resonance imaging (fMRI) (and other neuroimaging) approaches; and to computational neuroscience approaches. The author's research is in all these areas, and this may help the approach to emotion and decision-making described here to span many levels of investigation. Another distinctive property of this book is that it extends the search beyond emotional value, to economic value, to how decisions are then taken, between for example stimuli that have different value. The empirical evidence that is brought to bear is largely from non-human primates and from humans, because of the considerable similarity of their visual and emotional systems associated with the great development of the prefrontal cortex and temporal lobes in primates, and because the overall aim is to understand how emotion and decision-making are implemented in the human brain, and the neuropsychiatric disorders that can arise.
To understand how the brain works, including how it functions in emotion and decisionmaking, it is necessary to combine different approaches, including neural computation. Neurophysiology at the single neuron level is needed because this is the level at which information is exchanged between the computing elements of the brain. Evidence from the effects of brain damage, including that available from neuropsychology, is needed to help understand what different parts of the system do, and indeed what each part is necessary for. Neuroimaging is useful to indicate where in the human brain different processes take place, and to show which functions can be dissociated from each other. Knowledge of the biophysical and synaptic properties of neurons is essential to understand how the computing elements of the brain work, and therefore what the building blocks of biologically realistic computational models should be. Knowledge of the anatomical and functional architecture of the cortex is needed to show what types of neuronal network actually perform the computation. And finally the approach of neural computation is needed, as this is required to link together all the empirical evidence to produce an understanding of how the system actually works. This book utilizes evidence from all these disciplines to develop an understanding of how emotion and decision-making are implemented by processing in the brain.
The overall plan of the book is as follows. Chapter 1 outlines the ways in which this book approaches different types of explanation of emotion, and introduces some of the concepts. Chapter 2 then considers the nature of emotion, producing a theory of emotion, and comparing it to some other theories. Chapter 3 considers the functions of emotion, and leads to a Darwinian theory of the adaptive value of emotion, which helps to illuminate many aspects of brain design and behaviour. Chapter 4 takes the explanation of emotion to the level of how emotion is implemented in the brain. Chapter 5 extends and complements this by extending the approach to motivated behaviour, in which affective responses to sensory stimuli are fundamental in for example appetite and the control of food intake. Chapter 6 extends the approach to the pharmacology of emotion and addiction. Chapter 7 extends the approach further, to sexual behaviour. Chapter 8 then considers how one proceeds beyond assessing affective value, by describing brain mechanisms involved in taking decisions between stimuli of for example different affective value, or between different sensory stimuli. It turns out that the mechanisms of decision-making are used in many different brain areas for different purposes, including perceptual categorization, decisions about actions, memory recall, and short-term memory, and the mechanisms described encompass all of these in a unifying conceptual approach. Chapter 8 also considers confidence in decisions, and how we may be able to correct a decision even before the outcome of the choice has been provided. Chapter 9 describes factors that influence decision-making between stimuli or 'goods' of different value, by describing findings in the field of neuroeconomics. Chapter 10 then considers the issue of emotional feelings, which is part of the much larger issue of consciousness. Chapter 11 then synthesizes some of the points made, including how decisions are made and are influenced by emotions.
Appendix A describes some of the computational framework for understanding how systems in the brain in the form of neural networks perform emotion-related learning. Appendix B provides an overview of many different approaches to decision-making, comparing phenomenological with mechanistic approaches. The treatment in Appendix B includes quantitative descriptions of many of these approaches, including the biologically plausible integrate-and-fire attractor model of decision-making (Section B.5) and its mean-field equivalent (Section B.6). Appendix C provides a Glossary of some of the terms used in the book. The book thus seeks to explain emotions in terms of the following: What produces emotions? Why do we have emotions? How do we have emotions? Why do emotional states feel like something? How do we take decisions?
This book evolved from my earlier books The Brain and Emotion (Rolls 1999a) and Emotion Explained (Rolls 2005b) in some of the following ways:
Emotion and Decision-Making Explained (2014) updates Emotion Explained (2005) with much recent research on emotion and reward value, and then goes beyond this by a treatment in Chapter 9 of economic value from the field of neuroeconomics, and then goes further to provide a substantial treatment of decision-making (Chapter 8 and Appendix B), which includes decision-making between stimuli or goods of different value, but also applies to many types of decision-making. This is a natural extension of my treatment of emotion, for after value has been assessed, choices must be made, both between reinforcing stimuli, and about actions to take given the benefits and the costs.
Emotion and Decision-Making Explained goes beyond the brain mechanisms of emotion, in that it seeks to explain emotions in terms of the following: What produces emotions? (The general answer I propose is rewards and punishers, but with other factors too.) Why do we have emotions? (The overall answer I propose is that emotions are evolutionarily adaptive as they provide an efficient way for genes to influence our behaviour to increase their success.) How do we have emotions? (I answer this by describing what is known about the brain mechanisms of emotion.) Why do emotional states feel like something? This is part of the large problem of consciousness, which I address in Chapter 10.
Emotion and Decision-Making Explained also goes beyond the brain mechanisms of emotion by developing my approach and theory of the nature of emotion, and comparing my approach to a range of different approaches to the nature of emotion, including the approaches of Antonio Damasio, Joseph LeDoux, Jaak Panksepp, and appraisal theorists such as Klaus Scherer.
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Another way in which this book goes beyond brain mechanisms of emotion is to propose in Chapter 3 a Darwinian account of why animals (including humans) have emotions. The theory will I believe stand the test of time, in the same way as Darwin's theory of evolution by natural selection, and argues that emotions have the important evolutionary role of enabling genes to specify the goals (i.e. the rewards etc. that produce emotions) for actions, rather than the actions themselves. The advantage of this Darwinian design is that although the genes specify the goals, the actual actions are not prespecified by the genes, so that there is great flexibility of the actions themselves. This provides a new approach to the nature vs nurture debate in animal behaviour, for it shows how genes can influence behaviour without specifying a fixed, instinctive, behavioural response. I hope that this will make the book of interest to a wide audience, including many interested in evolution and evolutionary biology.
Although in evolution Darwinian processes lead to gene-defined goals, it is also the case that in humans, goals may be influenced by other processes, including cultural processes. Indeed, some goals are defined within a culture, for example writing a novel like one by Tolstoy vs one by Virginia Woolf. But it is argued that it is primary reinforcers specified by genes of the general type shown in Table 2 .1 on page 20 that make us want to be recognized in society because of the advantages this can bring, to solve difficult problems, etc., and therefore to perform actions such as writing novels (see further Ridley (2003) (1982)). Indeed, culture is influenced by human genetic propensities, and it follows that human cognitive, affective, and moral capacities are the product of a unique dynamic known as gene-culture coevolution (Gintis 2011 , Gintis 2007 .
We may also note that the theory that genes set many goals for action does not mean that our behaviour is determined by genes. Modern evolutionary theory has led to the understanding that many traits, particularly behavioural ones, may have some genetic basis but that does not mean that they will inevitably appear, because much depends on the environment (Dawkins 1995 , Ridley 2003 . Further, part of the power of the theory of emotion described here is that in evolution genes specify rewards and punishers that are goals for action, but do not specify the actions themselves, which are flexible and can be learned. Further, it is shown in Chapter 10 that in humans (and other animals) with a reasoning capability, the reasoning can over-ride the gene-specified rewards to produce behaviour that is in the interests of the individual, the phenotype, and not the genes, and such behaviour is therefore even much less influenced (not 'determined') by genes.
Emotion and Decision-Making Explained further goes beyond the brain mechanisms of emotion with a treatment (in Chapter 4) of the many different learning processes that become engaged in relation to emotion. The book also includes a formal treatment (in Appendix 1) of reinforcement learning and temporal difference (TD) learning, which are increasingly being used to understand emotion-related learning, as well as its brain mechanisms.
Emotion and Decision-Making Explained goes beyond the brain mechanisms of emotion with a treatment of the functions of affective states in motivated behaviour (including hunger, and sexual behaviour), and indeed proposes a fundamental and simple relation between emotion and motivation. The role of sexual selection in the evolution of affective behaviour is included in Chapter 7.
The book includes findings from the rapidly developing field of neuroeconomics in Chapter 9.
Indeed, in this book, I show how it is now possible to follow processing in the brain from the sensory representation and perception of objects including visual and taste objects that are independent of reward value; to brain regions where reward value (both outcome value and expected value) are represented, which are crucial components of decision-making; to brain mechanisms that actually implement the choice part of the decision-making, with a mechanism that is common to categorization and decision-making in other brain systems and cortical areas. I believe that this represents a major advance in neuroscience that we are able to understand at the level of mechanisms all of these processes, and to see how they are linked together in the brain to implement much of our behaviour. Moreover, all of this neural understanding is linked to an understanding of the adaptive value of this organization of behaviour, how emotion is a key component, and even how the subjective feeling of pleasure may arise and be related to these processes.
At the same time, Emotion and Decision-Making Explained does consider research on how emotion is implemented in the brain, including much new research in the areas of neurophysiology, and functional neuroimaging, neuropsychiatry, and clinical neuropsychology in humans. This treatment of the brain mechanisms of emotion is important not only for providing a basis for understanding disorders of emotion, but also turns out to be important in unravelling the many different ways in which emotions can influence our behaviour, because the different brain mechanisms themselves are being unravelled. The book includes a theory of how the orbitofrontal cortex supports rapid reversals of emotional behaviour, by using a short-term memory network for the current rule which acts in a biased competition mode to influence neurons known to be present in the orbitofrontal cortex. This helps to provide a contrast between the functions of the orbitofrontal cortex and amygdala in emotion. A description of the theory is given in Chapter 4.
Appendix 1 includes a treatment of autoassociation attractor networks that can maintain stable activity in a brain region, and provide a basis for understanding decision-making mechanisms in the brain. Appendix 1 also shows how interacting attractor networks help to provide a foundation for understanding the interactions between mood, and cognition and memory.
The book links to research in psychiatry, with for example discussions of the impulsive behaviour that is a feature of borderline personality disorder, to research in neurology, with for example assessment of the effects on emotion of damage produced by discrete lesions of the human brain, and to research in neuropsychiatry, by introducing recent approaches based on stochastic neurodynamics to the understanding and treatment of schizophrenia and obsessive-compulsive disorder.
Emotion and Decision-Making Explained also goes beyond the brain mechanisms involved in emotion, by addressing (in Chapter 10) emotional feelings, part of the much larger problem of consciousness. One issue developed here is the concept that there is a credit assignment problem if a multiple step plan does not succeed, and that higher-order thoughts provide a solution to this problem. The book also describes many recent functional neuroimaging investigations in which it has been possible to show that the activations of some brain regions are directly correlated with subjective feelings of affective states such as pleasure.
Our understanding of emotion, decision-making, and the mechanisms of brain function, described in this book have wider implications, to for example aesthetics, ethics, and the philosophy of mind, and these wider implications are developed in Neuroculture: On the Implications of Brain Science (Rolls 2012d). My book Memory, Attention, and Decision-Making (Rolls 2008b) shows how some of the neural mechanisms described in this book, and a number of others, provide a unifying computational neuroscience approach to understanding many aspects of brain function, including short-term memory, long-term memory, top-down attention, visual object recognition, and information representation in the brain, as well as decisionmaking. Memory, Attention, and Decision-Making (Rolls 2008b) includes Appendices that may be useful for those wishing an introduction to the computational neuroscience mechanisms involved in many aspects of brain function. The Noisy Brain: Stochastic Dynamics as a Principle of Brain Function (Rolls & Deco 2010) describes in detail stochastic dynamics in the brain, how it can be understood with the techniques of theoretical physics, how it contributes | vii Preface to many aspects of brain function and behaviour, and how it provides new approaches to the cognitive changes that occur with aging, and to psychiatric disorders such as schizophrenia and obsessive-compulsive disorder. The present book replaces Emotion Explained (Rolls 2005b) except for Emotion Explained Chapter 6 on Thirst, and Chapter 7 on Brain-Stimulation Reward, and both of these Chapters are available at http://www.oxcns.org.
It is hoped that this book will be of interest to all those interested in what emotions are, why we have them, how we have them, their disorders, and how we take decisions based on emotions, as well as on rational thinking, and even how we choose between these types of decision-making.
The material in this text is the copyright of Edmund T. Rolls. Part of the material described in the book reflects research performed over many years in collaboration with many colleagues, whose tremendous contributions are warmly appreciated. The contributions of many will be evident from the references cited in the text. In addition, I have benefited enormously from the discussions I have had with a large number of colleagues and friends, many of whom I hope will see areas of the text that they have been able to illuminate. Much of the work described would not have been possible without financial support from a number of sources, particularly the Medical Research Council of the UK, the Human Frontier Science Program, the Wellcome Trust, the McDonnell-Pew Foundation, and the Commission of the European Communities.
The book was typeset by the author in L A T E X using the WinEdt editor.
The cover shows the painting 'Adam and Eve' painted in c. 1528 by Lucas Cranach the Elder (Uffizi Gallery, Florence), which provides an early interpretation of early human emotions, and emotion-related decision-making. This book provides a more recent, scientific, approach to emotions, and to decision-making.
Updates to the publications cited in this book and .pdf files of many papers are available at http://www.oxcns.org.
Edmund T. Rolls dedicates this work to the overlapping group: his family, friends, and colleagues: in salutem praesentium, in memoriam absentium. 
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